Abstract: this paper deals with post-combustion CO 2 capture. The proposed technology is based on a chemical treatment taking place in a reactor with amine supported on solid pellets. The full process, requiring a stage of adsorption followed by a desorption phase, is described first. Then the model of the reactor is worked out enabling to perform the necessary simulations for design.
INTRODUCTION
For post-combustion CO 2 capture in coal-fired power plants, the chemical treatment of flue gases by solid sorbents appears as a promising technology. Attention, here, is devoted to fixed-bed reactors where the treatment is carried out by amine supported on solid pellets (amine reactor).
Such treatment is intrinsically composed of two stages: adsorption and desorption. In the first stage, the flue gases are injected in a fixed bed reactor containing the solid sorbent. In this way the CO 2 reacts with the amine on the surface of the porous solid pellets and is captured, so that the flue gas at the outlet is cleaned. This reaction is exothermic, so that this stage is performed at 40 °C by cooling the reactor with an heat exchanger fed by cold water. However, this stage of adsorption cannot proceeds unlimited in time due to the effects of saturation of the solid pellets. This leads to the cessation of this stage calling for a new phase for the regeneration of the solid pellets. The regeneration (second stage) is obtained by enforcing the inverse reaction (CO 2 desorption). Such inverse reaction occurs at relatively high temperature (80 -90 ° C) with the complementary action of a stripping gas (superheated steam). The steam condensation is avoided by depressurizing the reactor.
The above description leads to the conclusion that the amine reactor is intrinsically a batch process. As will be discussed in the sequel, in order to obtain a continuous CO 2 capture effect, it is necessary to put in parallel a certain number of reactors.
In this paper, we will first describe the sequence of phases constituting the CO 2 amine capture process with solid sorbents so as to provide a suitable coordination of actions on the various components of the plant. Moreover, a firstprinciple dynamical model of the ad-de-sorption process has been worked out, with reference to a laboratory-scale tubular reactor where the heat exchange is made possible via a water fed heat exchanger. The model has been used to design the pilot plant and the automation procedure of a continuously operating capture plant.
Our study is supported by the experimental investigations carried over in the RSE Research Laboratory Laboratorio processi e materiali catalitici located in Piacenza (Italy). The amine purification process is under realization in a RSEMilano pilot plant to be installed inside a 660 MW coal fired plant located in Brindisi (Italy). Such plant produces about 2 Millions of Normal m 3 /h of flue gases. A very small fraction (about 100 Normal m 3 /h) is diverted to the pilot plant to test the CO 2 capture procedure. With such pilot plant, it will be possible to launch an articulated experimental campaign in order to assess the benefits and limitations of this new purification technology.
The paper is organized as follows. In Sect. 2 the various stages of the capture process are described in detail (adsorption, heating and depressurization, stripping with water steam, cooling phase). Then the model of the reactor, a fundamental tool for design, is worked out in Sect. 3. Significant simulations results based on such model are presented in Sect. 4.
PROPOSED CO 2 CAPTURE PROCESS
As touched upon in the introduction, the adsorption of CO 2 in the capture process must be followed by a regeneration phase to re activate the exhausted amine sorbent.
The sequence of phases is now introduced and elaborated upon.
A -adsorption
The adsorption of CO 2 takes place at a low temperature of about 40 °C. The flue gas is already at this temperature, but, since the reaction is exothermic, it is necessary to cool the sorbent; this is made possible thanks to a cold water flow flowing in a coil system.
With the time passing the purification process is subject to an exhaustion phenomenon due to the progressive saturation of the sorbent. When the molar fraction of CO 2 at the outlet surpass a given threshold (say 10%) of the inlet molar fraction, the adsorption phase is assumed to be ended and the flue gas flow in the reactor is stopped.
B -Heating and depressurization
In order to desorb the CO 2 , the temperature of the sorbent has to be increased to break the bonds between the CO 2 molecules and the amine on the sorbent. This is why the coils are now fed with hot water or steam (about 90°C). This increment in temperature, however, is not sufficient to discharge the CO 2 from the reactor because its partial pressure is the same as the total pressure. Therefore, one should resort to a stripping gas easily separable from CO 2 . Water steam is a suitable choice being easily condensable, and therefore separable. Unfortunately, at the mentioned conditions of temperature and pressure, the steam condenses on the sorbent surface flushing away the deposed amine. To avoid such an obnoxious effect, the heating of the reactor is accompanied by a depressurization (about 100 mbar A). This leads to the discharge of part of the CO 2 . To bring to completion the CO 2 desorption, the stripping steam flow is activated as outlined in the next point.
C -Stripping with water steam
This phase takes place in the same conditions of heating and depressurization described in the previous point. The reactor is fed in counter-current flow with an appropriate mass flow rate of steam at 90° C or more. Being the reactor depressurized, the condensation of steam is avoided. After a suitable interval of time, the process is completed. However, before restarting the cycle of the process, and hence to proceed again to phase A, it is mandatory to cool the reactor.
D -Cooling phase
This phase enables one to reduce the temperature of the reactor from 90 °C (the temperature at the end of phase C) to 40 °C (the temperature of the adsorption phase A). This is obtained by feeding the coils with cold water. During this phase the reactor is brought to its initial conditions: low temperature (40°C) and atmospheric pressure.
From the above description, it is obvious that the CO 2 capture phenomenon takes place during phase A only, the remaining phases being required for regeneration purposes. Hence to perform a capture process operating continuously, it is necessary to resort to a number of reactors working in chain. In the Brindisi plant, the duration of phase A is about ½ h. Using the developed model to be detailed in the next paragraphs, it has been verified that the duration of the remaining phases is less than ½ h each. Hence, a full adsorption-regeneration cycle requires about 2 h. Consequently, in order to obtain a continuous depuration effect, a possibility is to resort to 4 reactors working in sequence with a shift of ½ h each other. This is similar to the procedure adopted in the Pressure Swing Absorption framework, see (Canavese et al., 2007) .
For the best comprehension of the capture process as a whole, we anticipate in Fig. 1 the time evolution of the main process variables of one of the four reactors during one of its working periods. 
REACTOR MODEL
In this section we work out the model of the reactor operating in the various phases.
The reactor will be seen as a mono dimensional system. Its volume has been partitioned into smaller volumes, or strips, along its axial coordinate. For each strip we describe the phenomena occurring in the gas inside the pellets and inside the bulk gas, as well as the mass and heat exchange between them. To be precise, the adsorption-desorption phenomenon is described by modeling the chemical phenomena (point 3.1), the thermal energy phenomena (point 3.2), and the hydrodynamic phenomena (point 3.3). While points 3.1 and 3.2 deal with a single reactor, at point 3.3 the whole plant of CO 2 capture with 4 operating reactors is considered. To describe the chemical-kinetic behaviour of the amine reactor, we resort to the Langmuir theory with the assumption that the reaction on the surface of the solid pellets takes place between CO 2 and amine only.
The flue gas contains various components. For our study, we will focus on its CO 2 and N 2 components during the adsorption stage and CO 2 and H 2 O components during the desorption stage.
The CO 2 is chemically adsorbed on the surface. The adsorption is determined by the number of active sites in the amine surface. Obviously, the number of active sites is progressively decreasing during the CO 2 adsorption process. To describe this phenomenon, we begin by introducing the parameter as the number of active amine sites in moles per square meter before any adsorption of CO 2 . During the process, some of such sites become no more active due the adsorption of CO 2 . The fraction of surface occupied by active sites at time t is indicated by , whereas is the fraction of free active sites.
Indicating by C, the concentration of CO 2 in the gas phase [kmol/m 3 ] inside the porous pellet, the Langmuir balance between the adsorption and desorption is:
(1) while is a reference constant. Here, both parameters and depend upon the temperature of the sorbent according to the formula: (2) where or . The dependence of and upon has been identified via experimental tests performed in the RSE Research Laboratory Laboratorio processi e materiali catalitici located in Piacenza (Italy) as discussed in (Bittanti et al. 2011) . In Table 1 the most important estimated parameters are shown. Note that is extremely small; therefore is constant in practice. On the opposite is high and then exhibits remarkable variation with temperature.
Table 1 -Estimated parameters
The evolution of is determined by the thermal model of the reactor to be described in Section 3.2.
Chemical model of the amine reactor
An average equivalent spherical pellet has been associated to each strip. Its radius is denoted by while is the external surface of the pellet.
The diffusive mole flow rate of CO 2 between the CO 2 in the bulk (with concentration ) and the CO 2 inside the pellets (with concentration C) is described by the equation: (3) Here is the coefficient of CO 2 diffusion (depending on the temperature, the average diameter of the pellets and the molecular weight of carbon dioxide) and S is the external surface of the considered pellet, in contact with the gas in the bulk. Obviously is positive if C b > C, and negative in the opposite case.
Conservation equation in the gas inside the pellet
We now write two mole conservation equations, one for the overall gas components and one for the CO 2 component inside the pellet: (4) and (5) it turns out that:
With simple mathematical steps we can obtain:
so that the mass conservation equation of CO 2 inside the pellet becomes:
Here is the CO 2 mole fraction in the bulk if is positive, whereas it is the CO 2 mole fraction inside the pellet if is negative.
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In conclusion, the relevant mole conservation equation is eq. (8) with the diffusive flux given by (3) The net flux of CO 2 adsorbed is proportional to the free active surface occupied by carbon dioxide, and can be written as: (9) with where is the volume of the pellet (recall that is the pellet radius) and is an intrinsic feature of the solid support.
Note that this parameter multiplied by is the number of moles of amine active sites per unit-volume of the pellet. Therefore is a fundamental design parameter since it defines the possible total amount of adsorbed CO 2 per unit volume of the sorbent.
(10)
Conservation equation in the gas outside the pellets (i.e in the bulk)
As for the gas outside the pellet, considering each strip, we can write the mole conservation equation of carbon dioxide in the bulk: (11) where: total mole flow rate of gas at the inlet of the strip total mole flow rate of gas at the outlet of the strip mole fraction of CO 2 in the strip inlet flow rate mole fraction of CO 2 in the strip outlet flow rate total number of pellets in the whole reactor number of considered strip (hence is the number of pellets contained in each strip)
The outlet mole flow rate of gas can be worked out form the overall mole conservation equation in the gas phase, omitted here for the sake of conciseness.
Under the assumption of quasi static behaviour for pressure and temperature in this gas phase, the overall equation leads to:
By substituting this expression in eq (11), one obtains:
Denoting by and the volume of the gas in the bulk and the average concentration of CO 2 , the total moles of CO 2 in the gas in the bulk can be expressed as Therefore, we can write:
Note that the molar fractions appearing in the equations considered so far are tied to the molar concentrations through the molar density . In particular, the molar fraction of CO 2 in the bulk can be written as:
As usual, the average molar fraction of CO 2 in the bulk can be expressed as a linear convex combination of the inlet and outlet molar fractions, i. e.
Here the case corresponds to the situation of well stirred reactor.
Summing up the chemical model is described by eqs. (1), (10) and (14).
THERMAL ENERGY PHENOMENA
For each strip, we have focused on the temperature T s of porous sorbent and the temperature T b of the gas in the bulk. To describe the dynamic evolution of such variables we have resorted to the classical energy conservation equations in the solid phase and in the bulk gas phase, and the exchange of heat between the two phases. Of course, for the sorbent description, we have taken into account the heat of reaction (exothermic in adsorption and endothermic in desorption). We have also modelled the cooling/heating system of coils by writing the energy conservation equations along the coordinate of the coil and by considering the heat exchanged between the coils and the sorbent. The mathematical model is omitted here for the sake of brevity; the interested reader is referred to (Bittanti et al., 2010) and (Valsecchi, 2011) .
The temperature of the sorbent is a key variable in the adsorption/desorption correlation equations already worked out for the chemical model ( § 3.1.1) as the both parameters 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 and in eq. (1) strongly depend upon this temperature.
HYDRODYNAMIC PHENOMENA
Here we describe the evolution of pressure and gas mass flow rate in the whole plant in its continuous operation, with 4 reactors in chain, as schematically illustrated in Fig. 2 . The whole plant has been thoroughly studied and simulated as described in (Valsecchi, 2011) . The pressure dynamics in each point of the plant has been obtained by mass conservation equations.
Herein we touch upon the modeling of the reactor only from the hydrodynamic point of view.
The mass flow rate at the inlet has been evaluated using the Ergum equation (see e.g. Bird, 2007) for the mass flow rate in packed beds. The pressures at the ports (inlet and outlet) of the reactor are evaluated by the hydrodynamic model. For simplicity, during the simulations, the pressure in the reactor is assumed to be uniform in all strips and equal to the outlet pressure.
SIMULATION RESULTS
The whole plant in continuous operation has been simulated in a Simulink environment by running in parallel the simulators of four single reactors and letting them interact each other as the plant automation imposes. Among the various diagrams, we report in Fig. 3 the evolution of the CO 2 adsorbed in the reactor along a cycle of the plant operation. The simulation results reported above had been validated by mean of experimental trials performed with the reactor available at RSE laboratory in Piacenza. In Fig. 4 one can compare the experimental behavior of the CO 2 output concentration (solid line) with the simulated diagram (dotted line).
CONCLUSIONS
In this paper a new technology for CO 2 capture is studied. It is based on the CO 2 adsorption by amine supported on solid pellets. A detailed model has been worked out starting from laboratory data referring to the experimental equipment located in the RSE Research Laboratory Laboratorio processi e materiali catalitici located in Piacenza (Italy).
The benefits and limitations of this new purification technology are under investigation by means of a pilot plant to be installed inside a 660 MW coal fired plant located in Brindisi (Italy). 
